Background Exercise intolerance is a common clinical feature and is linked to poor prognosis in patients with heart failure (HF). Skeletal muscle dysfunction, including impaired energy metabolism in the skeletal muscle, is suspected to play a central role in this intolerance, but the underlying mechanisms remain elusive. Lysine acetylation, a recently identified posttranslational modification, has emerged as a major contributor to the derangement of mitochondrial metabolism. We thus investigated whether mitochondrial protein acetylation is associated with impaired skeletal muscle metabolism and lowered exercise capacity in both basic and clinical settings of HF. Methods We first conducted a global metabolomic analysis to determine whether plasma acetyl-lysine is a determinant factor for peak oxygen uptake (peak VO 2 ) in HF patients. We then created a murine model of HF (n = 11) or sham-operated (n = 11) mice with or without limited exercise capacity by ligating a coronary artery, and we tested the gastrocnemius tissues by using mass spectrometry-based acetylomics. A causative relationship between acetylation and the activity of a metabolic enzyme was confirmed in in vitro studies. Results The metabolomic analysis verified that acetyl-lysine was the most relevant metabolite that was negatively correlated with peak VO 2 (r = À0.81, P < 0.01). At 4 weeks post-myocardial infarction HF, a treadmill test showed lowered work (distance × body weight) and peak VO 2 in the HF mice compared with the sham-operated mice (11 ± 1 vs. 23 ± 1 J, P < 0.01; 143 ± 5 vs. 159 ± 3 mL/kg/min, P = 0.01; respectively). As noted, the protein acetylation of gastrocnemius mitochondria was 48% greater in the HF mice than the sham-operated mice (P = 0.047). Acetylproteomics identified the mitochondrial enzymes involved in fatty acid β-oxidation (FAO), the tricarboxylic acid cycle, and the electron transport chain as targets of acetylation. In parallel, the FAO enzyme (β-hydroxyacyl CoA dehydrogenase) activity and fatty acid-driven mitochondrial respiration were reduced in the HF mice. This alteration was associated with a decreased expression of mitochondrial deacetylase, Sirtuin 3, because silencing of Sirtuin 3 in cultured skeletal muscle cells resulted in increased mitochondrial acetylation and reduced β-hydroxyacyl CoA dehydrogenase activity. Conclusions Enhanced mitochondrial protein acetylation is associated with impaired FAO in skeletal muscle and reduced exercise capacity in HF. Our results indicate that lysine acetylation is a crucial mechanism underlying deranged skeletal muscle metabolism, suggesting that its modulation is a potential approach for exercise intolerance in HF.
Introduction
Exercise intolerance, defined as dyspnea and fatigue on exertion, is a clinical hallmark of patients with heart failure (HF). As the objective assessment of exercise intolerance, a patient's peak oxygen uptake (peak VO 2 ) is determined by cardiopulmonary exercise testing (CPX) and is well known as an independent predictor of prognosis in HF patients. 1 Because exercise tolerance is not directly correlated with cardiac function and hemodynamics, the role of peripheral tissues, especially skeletal muscles, has been a focus of exercise-tolerance research for several decades. 2, 3 The intrinsic skeletal muscle abnormalities in HF include factors such as mitochondrial dysfunction, 4 fibre-type transition, 5 and muscle atrophy, 6 but impaired energy metabolism 7 is considered the primary mechanism of the easy fatigability and exercise intolerance in HF settings. 8 Indeed, our previous studies using magnetic resonance spectroscopy demonstrated that an increased accumulation of intramyocellular lipid is associated with exercise intolerance. 9 This is in line with early findings of the reduced activity of diverse mitochondrial oxidative enzymes in biopsied skeletal muscle from HF patients. 10 However, the exact mechanisms underlying these enzymatic alterations remain to be clarified.
Lysine acetylation, a reversible post-translational modification, has gained much attention as a novel regulatory mechanism of mitochondrial energy metabolism. 11, 12 The target proteins of acetylation include fatty acid β-oxidation enzymes, glycolytic enzymes, the tricarboxylic acid (TCA) cycle, and the electron transport chain, resulting in the inhibition or activation of their enzyme activities. 13 Of these, the acetylation of fatty acid β-oxidation was shown to be a contributing factor to the cardiac metabolic derangements in diabetes and HF. [14] [15] [16] [17] Sirtuin 3 (SIRT3), a nicotinamide adenine dinucleotide (NAD + )-dependent deacetylase, is a major regulator of mitochondrial acetylation, and has been shown to decline in the failing heart. [18] [19] [20] Although there are controversies regarding the effect of lysine acetylation on myocardial fatty acid oxidation, 14, 16 several lines of evidence indicate that an increased acetylation of fatty acid β-oxidation enzymes is linked to energy metabolic disturbances in the pathogenesis of exercise intolerance associated with HF. [21] [22] [23] In addition, hyperacetylation due to decreased SIRT3 has been reported to facilitate skeletal muscle insulin resistance in diabetic animals. 24, 25 We thus hypothesized that mitochondrial protein acetylation could contribute to impaired energy metabolism in the skeletal muscle that is primarily or secondarily linked to the development of exercise intolerance in HF.
Using a reverse translational approach, we first identified the circulating metabolites associated with peak VO 2 in HF patients by conducting a comprehensive metabolomic analysis. We then created a murine model of HF after myocardial infarction (MI) with limited exercise capacity and skeletal muscle abnormalities, in order to determine the role of acetylation in mitochondrial fatty acid oxidation and exercise capacity.
Methods

Human studies
Ten patients with stable HF (57 ± 10 years old, New York Heart Association [NYHA] functional class II or III) and five age-matched healthy controls (56 ± 3 years old) without underlying heart diseases were studied. HF was diagnosed on the basis of the Framingham criteria. All participants underwent CPX on an upright electromechanical bicycle ergometer (Aerobike 75XLII; CombiWellness, Tokyo) using a ramp protocol described in our previous studies. 26, 27 Briefly, after 3 min of unloaded cycling, the exercise load was increased in 10 to 15 W increments every 1 min in HF patients and 25 W increments per min in the control subjects to symptom-limited maximal work. The patients stopped the exercise when they had severe leg fatigue and/or dyspnea. Although it is possible that a different protocol could have affected the value of peak exercise capacity, this protocol was necessary for the symptomatic HF patients to achieve a fatigue-limited exercise duration of 8-12 min based on the American Heart Association recommendation. 28 Oxygen uptake was measured at rest and throughout the exercise period using a 280E Aero-monitor (AeromonitorAE-300S; Minato Medical Science, Osaka, Japan). Peak VO 2 was defined as the maximal VO 2 attained during exercise, and the anaerobic threshold was determined by the V-slope method. 29 We measured the participants' minute ventilation (VE) and carbon dioxide production (VCO 2 ) responses throughout the exercise to calculate the VE/VCO 2 slope via least squares linear regression (y = mx + b; m = slope). In echocardiographic measurements, each participant's left ventricular (LV) end-diastolic dimension and LV end-systolic dimension were obtained from the parasternal long-axis view, and the LV ejection fraction was calculated based on a modification of Simpson's method.
Within 3 months after each participant's CPX was performed, blood samples were obtained from the participants after an overnight fast and were stored at À80°C until analysis. The interval between the blood sampling and the CPX was necessary to minimize the possibility that the metabolomic profile was a collective snapshot of all of the metabolic perturbations and therefore influenced by various confounding factors such as other disease states, acute illnesses, or medication use.
A 50 μL sample of plasma was mixed with 450 μL of methanol containing internal standards (20 μM of methionine sulfone and D-camphor-10-sulfonic acid), and then 500 μL of chloroform was added. The mixture was centrifuged at 2,300 g for 5 min at 4°C. Subsequently, 400 μL of the upper aqueous layer was centrifugally filtered through a 5-kDacutoff ultra-centrifugal filter unit (Ultrafree®-MC-PLHCC-HMT; MilliporeSigma, Burlington, MA) at 9,100 g for 2 h at 4°C. The filtrate was dried and re-suspended in 25 μL of Milli-Q water for a capillary electrophoresis-mass spectrometry (CE-MS) analysis.
Metabolomic measurements were carried out using an Agilent CE capillary electrophoresis system equipped with an Agilent 6210 Time-of-Flight (TOF) MS, Agilent 1100 isocratic HPLC pump, Agilent G1603A CE-MS adapter kit, and Agilent G1607A CE-electrospray ionization-MS sprayer kit (Agilent Technologies, Waldbronn, Germany) as described previously. 30 For the CE-TOFMS system control and data analysis, Agilent G2201AA ChemStation software ver. B.03.01 for CE (Agilent Technologies) was used. The CE-TOFMS datasets were processed using the automatic integration software MasterHands (Keio University, Tsuruoka, Japan) in order to obtain peak information including the m/z, the migration time for the CE-TOFMS measurement, and the peak area. 31 Signal peaks corresponding to isotopomers, adduct ions, and other product ions of known metabolites were excluded, and the remaining peaks were annotated with putative metabolites from the database of the Human Metabolome Technologies according to their migration time and m/z values determined by CE-TOFMS. This study was performed under protocols approved by the Medical Ethics Committee of Hokkaido University Hospital and in accord with the ethical principles in the Declaration of Helsinki (2013). Informed consent was obtained from all participants.
Experimental animals
Male C57BL6J mice (10-12 weeks old, body weight [BW] 23-25 g; CLEA Japan, Tokyo) were bred in a pathogen-free environment and housed in an animal room under controlled conditions on a 12 h light/dark cycle maintained at 23-25°C. Normal chow containing 4.2% fat and 54.6% carbohydrate (CE-2; CLEA Japan, Tokyo) and water were provided ad libitum. The post-MI HF model was established by ligating the left coronary artery as described previously. 32, 33 The permanent coronary occlusion model is recommended as a model of acquired dilated cardiomyopathy and HF, which usually occur 4-8 weeks post-MI, according to a scientific statement from the American Heart Association. 34 A sham operation without ligation of the coronary artery was also performed; the experiments were performed 4 weeks after the operation in both the sham (n = 11) and HF (n = 11) groups. For each surgical procedure, the mice were anaesthetised with an intraperitoneal injection of a mixture of 0.3 mg/kg of medetomidine (Dorbene® Kyoritsuseiyaku, Tokyo), 4.0 mg/kg of midazolam (Dormicum®, Astellas Pharma, Tokyo), and 5.0 mg/kg of butorphanol (Vetorphale®, Meiji Seika Kaisha, Tokyo), and the adequacy of the anaesthesia was monitored based on the disappearance of the pedal withdrawal reflex.
All procedures and animal care were approved by our institutional animal research committee and conformed to the animal care guidelines for the Care and Use of Laboratory Animals at the Hokkaido University Graduate School of Medicine. The procedures and care were also in accord with the relevant national and international guidelines and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Echocardiography, histological analysis, treadmill test, and physical activity measurement
Standard echocardiographic short-axis and long-axis views were obtained at the levels of the papillary muscles under light anaesthesia using tribromoethanol/amylene hydrate (avertin; 2.5% wt/vol, 8 μL/g BW, i.p.). We measured the LV endo-diastolic diameter, LV endo-systolic diameter, wall thickness, and LV fractional shortening from M-mode frames at a paper speed of 50 mm/s. For histological analysis, LV tissues were fixed in 6% formaldehyde, cut into three transverse sections-the apex, middle ring, and base-and stained with Masson's trichrome. We subjected the mice to a treadmill test with a gas analysis for the measurement of indexes defining whole body exercise capacity, as described previously. 35 In short, each mouse was forced to run on a motor-driven treadmill enclosed by a metabolic chamber with constant air flow (Oxymax 2; Columbus Instruments, Columbus, OH, USA) in which the O 2 and CO 2 gas fractions were monitored.
After basal measurements and following a 10 min warmup at 6 m/min at 0°inclination, the angle was fixed at 10°a nd the speed was incrementally increased by 2 m/min until the mouse reached exhaustion. Exhaustion was defined as spending more than 10 s on the shocker plate without attempting to re-engage the treadmill. Whole-body VO 2 and VCO 2 were automatically acquired every 10 s by taking the difference between the inlet and output gas flows. The respiratory exchange ratio was calculated as the ratio of VCO 2 to VO 2 . Work was defined as the product of the vertical running distance to exhaustion and BW.
Spontaneous physical activity was measured by an animal movement analysis system (ACTIMO System; Shintechno, Fukuoka, Japan) as described previously. 36 
Study protocol
The study protocol is illustrated in Figure S1 . Briefly, 4 weeks after the MI surgery, the spontaneous physical activity of the mice was measured and then the treadmill test was conducted. Within 3 days after the measurement, echocardiography was performed. The mice were then euthanized by cervical dislocation under deep anaesthesia using additional avertin (2.5% wt/vol, total 10 μL/g BW, i.p.). The blood, heart, lungs, and hindlimb skeletal muscles including the quadriceps, gastrocnemius, and soleus were immediately collected for further analysis. To avoid direct effects of the treadmill test on the muscle acetylome analysis, we used a ≥2 day interval between the treadmill test and the tissue sampling.
Western blotting
Forty milligrams of frozen gastrocnemius was homogenized with Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA, USA) supplemented with protease inhibitor cocktail (Roche, Basel, Switzerland) and deacetylase inhibitors (10 mM nicotinamide, 10 μM trichostatin A, and 10 mM sodium butylate). Mitochondrial fractions were also collected using a mitochondrial isolation kit (Thermo Scientific). Twenty micrograms of denatured proteins was subjected to 8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a polyvinylidene difluoride membrane.
Immunoblotting was performed with antibodies against acetylated-lysine, SIRT3 (Cell Signaling Technology), peroxisome proliferator-activated receptor gamma coactivator 1α, mitochondrially encoded cytochrome c, CD36, carnitine palmitoyltransferase 1 (CPT1), CPT2, acyl-CoA dehydrogenase (ACADL), and enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase (Abcam, Cambridge, MA, USA). After being blocked in 5% fat-free milk for 1 h, the membranes were probed with the primary antibodies and then incubated with the appropriate secondary antibodies (Abcam) with 5% fatfree milk for 1 h at room temperature. Bands were detected using the enhanced chemiluminescence method.
Mass spectrometry-based acetylome analysis
For the acetylation analysis, gastrocnemius tissues were lysed with IP buffer (50 mM Tris HCl, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton-X) supplemented with protease inhibitor cocktail (Roche, Basel, Switzerland) and the earlierdescribed deacetylase inhibitors. A total of 500 μg of lysates was precleared with 40 μL of protein A/G-agarose beads. The lysates were then incubated with acetyl-lysine antibodies (3 μg/100 μg lysate; Cell Signaling Technology) overnight at 4°C, and 50 μL of protein A-agarose beads was added to each sample and incubated on a rotator for 6 h at 4°C as described previously. 17, 37 After 6 h, the samples were washed three times and centrifuged at 16,000 g for 5 min. The bound acetylated proteins were boiled at 100°C for 15 min in 60 μL of 1.0035× LDS buffer.
Beads were pelleted and 50% of the eluates were processed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 10% Bis-Tris NuPAGE gel (Invitrogen, Carlsbad, CA, USA) with the MES buffer system. The mobility region was excised into 10 equal-sized segments and subjected to in-gel trypsin digestion. The enriched lysineacetylated peptides were then analysed by nano-liquid chromatography-tandem mass spectrometry with a NanoAcquity HPLC system (Waters, Milford, MA, USA) interfaced with a ThermoFisher Q Exactive HF hybrid mass spectrometer (Thermo Scientific, Tokyo, Japan).
Mascot database search software (ver. 2.4, Matrix Science, London) was used to search for and identify lysine-acetylated peptides. Mascot DAT files were parsed into Scaffold (Proteome software) for validation and filtering and to create a non-redundant list per sample. Variable modifications included the acetylation of the ε-amino group of lysine, oxidation of methionine to methionine sulfoxide, N-terminal pyroglutamate, and the deamidation of asparagine residues; a search was also performed for carbamidomethylation of cysteine as a fixed modification. The peptide mass tolerance was set to 10 ppm for precursors and 0.02 Da for fragment ions.
The search results were filtered using a 1% protein and peptide false discovery rate with a requirement of at least two unique peptides per protein. To approximate the relative abundance of proteins within a given sample, we calculated the normalized spectral abundance factor using an in-house program as described previously. 38 A binary difference in proteins with a t-test P-value < 0.05 or with a 1.5-fold or more change in the average normalized spectral abundance factor values was defined as significant.
Measurement of nicotinamide adenine dinucleotide metabolites
Approximately 50 mg of frozen gastrocnemius tissues was added to methanol (500 μL) containing internal standards (H3304-1002; Human Metabolome Technologies, Tsuruoka, Japan), and the mixture was homogenized by a Polytron homogenizer. The lysate was further processed for the CE-MS analysis described earlier. Nicotinamide adenine dinucleotide (NAD + ) and its reduced form (NADH) were quantified using the CE-electrospray ionization-MS method. 39 
Mitochondrial respiratory capacity of the skeletal muscle
After the careful dissection of the muscle tissue, the fibre bundles were permeabilized by gentle agitation for 30 min in an ice-cold relaxing BIOPS solution (in mmol/L: CaK 2 EGTA 2.77, K 2 EGTA 7.23, Na 2 ATP 5.77, MgCl 2 ·6H 2 O 6.56, taurine 20, Na 2 -phosphocreatine 15, imidazole 20, dithiothreitol 0.5, MES hydrate 50, pH 7.1) with saponin 50 μg/mL. After the permeabilization, the fibres were rinsed twice by agitation for 10 min in an ice-cold respiration medium, MiR05 (in mmol/L: 248 sucrose 110, K-lactobionate 60, EGTA 0.5, 0.1% BSA, MgCl 2 3, taurine 20, KH 2 PO 4 10, HEPES 20, pH 7.1). We measured the mitochondrial respiratory capacity with non-fatty-acid and fatty-acid substrates in permeabilized gastrocnemius fibre at 37°C by using a high-resolution respirometer (Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria) as described previously. 36 All respiratory measurements were carried out in duplicate after hyperoxygenation to avoid any potential O 2 limitation. Dat-lab software (Oroboros Instruments) was used for the data acquisition and analysis.
After the addition of permeabilized fibres (approx. 1.5-3.0 mg of gastrocnemius muscle) to the chamber in the respirometer filled with 2 mL of MiR05 and the stabilization of baseline respiratory rates, the following respiratory substrates were added in the following order: (i) malate 2 mM, (ii) octanoyl-carnitine 0.15 mM, (iii) ADP 5 mM in each step, and (iv) cytochrome c 10 μM. Mitochondrial coupling states are distinguished as leak-state respiration (without ADP) and oxidative phosphorylation (saturating ADP). We tested the integrity of the outer mitochondrial membrane by adding cytochrome c, and the data were eliminated when the increase in the oxygen consumption rate was 10% as the sign of a damaged outer mitochondrial membrane. The respiratory rates (i.e. O 2 consumption rates) are expressed as the O 2 flux normalized to the muscle weight (pmoL/s/mg wet weight of muscle tissue).
Activity assay for citrate synthase and β-hydroxyacyl CoA dehydrogenase
For citrate synthase activity measurements, frozen quadriceps were homogenized in buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 10% glycerol (wt/vol), 0.02% Brij-35 (wt/vol), 1 mM dithiothreitol with protease, and phosphatase inhibitor cocktails (Sigma-Aldrich). Thirty microlitre of homogenate (1 mg/mL) was used for the analysis, and the reaction was initiated by 0.2 mM acetyl-CoA and 0.5 mM oxaloacetate in 100 mM Tris buffer and 0.1 mM DTNB. Absorbance at 412 nm wavelength was followed for 3 min with a spectrophotometer.
β-hydroxyacyl CoA dehydrogenase (β-HAD) activity was assayed in whole lysates prepared from frozen tissues or cultured cells as described previously. 17 First, 40 μL of homogenate (1 mg/mL) was added to a cuvette, which was then was brought to a final volume of 990 μL with 930 μL of 50 mM imidazole (pH 7.4) and 10 μL of 1.5 mM NADH. The reaction was initiated by the addition of 10 μL of 2 mM acetoacetyl-CoA. Absorbance at 340 nm wavelength was followed for 5 min with a spectrophotometer.
Cell culture and transfection
To further examine the regulatory role of SIRT3 in fatty acid β-oxidative activity in the skeletal muscle, we conducted cell culture studies using mouse C2C12 myoblast cell lines purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco's Modified Eagle's Medium (4.5 g glucose/L; Sigma, St. Louis, MO, USA) containing 10% foetal bovine serum (Cell Culture Bioscience), 100 IU/mL penicillin, and 100 IU/mL streptomycin in a humidified incubator (Sanyo, Osaka, Japan) at 37°C with 5% CO 2 in air.
For transfection, C2C12 myoblasts were plated in a T75 flask at a density of 1.2 × 10 6 cells and then transfected 24 h later with a non-targeting pool of small interfering RNA against SIRT3 (Dharmacon, Brébières, France) using DharmaFECT reagent (Dharmacon). At 48 h after transfection, the cells were harvested and lysed with homogenization buffer containing 10 mM HEPES-KOH (pH 7.4), 220 mM mannitol, and 0.07 M sucrose with several deacetylase inhibitors. The mitochondrial fraction was also isolated by the sequential centrifugation method. Whole cell lysates or mitochondrial fractions were then subjected to western blotting and a β-HAD activity analysis.
Statistical analysis
Data are expressed as the mean ± SD or SEM for normally distributed variables, or the median and interquartile range for non-normally distributed variables. The statistical analyses were performed using Student's t-test for comparisons between two groups and a one-way ANOVA followed by Tukey's test for more than two groups with GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). A P-value < 0.05 was considered significant. Correlations were examined by linear regression analysis using the least squares method. Significant acetylation changes were defined as a cutoff of ±1.5-fold change in the mean values of the HF group vs. the sham group. When acetylated protein was detected only in HF mice, the protein was also defined as a significant acetylation target.
Results
The plasma acetyl-lysine levels correlate with exercise capacity in patients with HF
The characteristics of the 10 patients with HF and five controls are summarized in Table 1 . The primary aetiology of their HF was dilated cardiomyopathy (n = 4), followed by ischemic heart disease (n = 3) and hypertensive heart disease (n = 3); this distribution reflects the real-world aetiology of HF in Japan. 40 The patients' exercise capacity was reduced as evidenced by the median peak VO 2 of 16.3 (interquartile range, 11.2-18.9) mL/kg/min. Our metabolomic analysis of the human plasma samples identified a total of 233 charged metabolites, in which significant increases were observed in N6-acetyl-lysine, arginine methylation, phospholipid metabolites, and urea cycle metabolites in the HF patients compared with controls.
Of these, N6-acetyl-lysine (r = À0.81), N,N-dimethylglycine (r = À0.74), urea (r = À0.74), asymmetric dimethylarginine (r = À0.74), N-acetylalanine (r = À0.72), choline (r = À0.66), and symmetric dimethylarginine (r = À0.62) each exhibited a strong negative correlation with peak VO 2 ( Figure 1A) . Specifically, N6-acetyl-lysine had the strongest correlation with peak VO 2 in all 15 subjects (r = À0.81) ( Figure 1A) as well as in only the HF patients (r = À0.77) ( Figure 1B,D) . Consistent with the negative correlation with peak VO 2 , the N6-acetyl-lysine level tended to increase with the severity of the NYHA functional class, and the difference became significant between NYHA I and III ( Figure 1C ). In addition, the plasma N6-acetyl-lysine level was negatively correlated with the anaerobic threshold (r = À0.66) ( Figure 1E ) and positively correlated with VE/VCO 2 (r = 0.70) ( Figure 1F ), and both these parameters of CPX are indispensable for determining the severity and prognosis of HF.
In contrast, there was no association between the N6-acetyl-lysine level and the LV ejection fraction, log BNP, or thigh circumference in the HF patients, suggesting that acetylation played a specific role in exercise capacity rather than the cardiac function or congestive state, or skeletal muscle mass in HF ( Figure S2 ). Because N-acetyl-lysine is a metabolite of protein lysine acetylation, this increase may reflect the hyperacetylation status, especially in skeletal muscle, which is a determinant factor of exercise capacity in HF.
Functional impairment in muscle mitochondria in a murine HF model
To examine the derangements in mitochondrial oxidative respiration in the skeletal muscle seen in HF, we used a murine model of post-MI HF. Representative graphs of the mitochondrial respiratory capacity in permeabilized gastrocnemius tissues clearly demonstrated that the levels of complex I-linked and complex I + II-linked oxidative phosphorylation in the presence of octanoyl-L-carnitine, a fatty acid substrate, were lower in the HF mice compared with the sham-operated mice (Figure 2A) . Moreover, the β-HAD activity was reduced in the quadriceps from the HF mice compared with the shamoperated mice ( Figure 2B) . These results suggest that the acetylation of fatty acid oxidation enzymes inhibits the β-HAD activity, and this inhibition is associated with the impaired mitochondrial oxidation that accounts for the lowered exercise tolerance in HF.
Acetylation profile in skeletal muscle and blood in a murine model of HF
Based on the results of our study of the 10 patients with HF and five healthy controls (Figure 1) , we examined the global lysine acetylation in the gastrocnemius tissues from shamoperated and HF mice. As expected, lysine-acetylated protein levels were higher in the mitochondrial fraction of gastrocnemius from the HF mice compared with that of the shamoperated mice, whereas the whole muscle lysates were not significantly different between the two groups ( Figure 3A,B) . In conjunction with the increased mitochondrial acetylation, the protein expression of the mitochondrial deacetylase SIRT3 was decreased in the gastrocnemius from the HF mice compared with the sham group ( Figure 3D ). As is observed in humans, the acetylated protein levels in the murine blood samples were higher in the HF mice than the sham-operated mice, in parallel with the increased acetylation of muscle mitochondrial proteins in the HF mice ( Figure 3C ). Because SIRT3 activity is dependent on NAD + availability, we quantified the NAD + and NAD + /NADH ratio by conducting a CE-MS analysis. Neither the NAD + level nor the NAD + /NADH ratio differed significantly between the HF and sham groups ( Figure 3E ). To further clarify the molecular functions of acetylated proteins, we performed a mass spectroscopy-based global analysis followed by enrichment of the acetyl lysine peptide in gastrocnemius tissues in the two groups. This approach enables the detection of low stoichiometry of acetylation and was established in previous studies. 41 A total of 151 proteins were identified as having at least one portion of acetyl-lysine residues, and 95 acetylated proteins were shared between the sham-operated and HF mice ( Figure 3F ). Of these, 50 acetylated proteins were classified as mitochondrial enzymes and were all observed in HF muscle, whereas 26 of the proteins were derived from muscles of the sham-operated animals. This indicates that 24 of the mitochondrial acetylated proteins were unique to the HF mice and that mitochondria are important targets of the post-translational modifications in HF (Figure 3F) . The hyperacetylated mitochondrial enzymes were linked to lipid metabolism, carbohydrate metabolism, the TCA cycle, branched amino acid (BCAA) metabolism, and the electron transport chain ( Figure 3G) . Notably, the major targets of lysine acetylation were fatty acid β-oxidation enzymes, including long chain acyl-CoA dehydrogenase (LCAD), enoyl-CoA hydratase, trifunctional enzyme subunit α (HADHA), and 3-ketoacyl-CoA thiolase ( Figure 3H ).
In sharp contrast to the difference in post-translational modification, there was no significant difference in the protein expression of peroxisome proliferator-activated receptor gamma coactivator 1-α, a master transcriptional regulator of mitochondrial biogenesis, between the HF mice and shamoperated mice ( Figure 4A) . Consistently, the mitochondrially encoded cytochrome c protein expression and citrate synthase activity, both of which are surrogate markers for mitochondrial content, were comparable between the shamoperated and HF mice ( Figure 4B,C) . Moreover, there were no significant differences in the various protein expressions related to fatty acid cellular uptake (CD36), mitochondrial transport (CPT1, CPT2), and fatty acid β-oxidation enzymes (ACADL, EHHAD) in the gastrocnemius from the HF mice compared with the sham-operated mice ( Figure 4D-H) . Taken together, these results suggest that post-translational mechanisms are involved in the derangements in fatty acid oxidation during the development of the skeletal muscle dysfunction and exercise intolerance associated with HF. Figure 1 (A,B ) Plasma metabolites that correlate with peak VO 2 , AT, or VE/VCO 2 in all subjects (n = 15), i.e. the heart failure patients (HF) (n = 10) plus the normal controls (n = 5) (A), and in only the 10 HF patients (B). The upper value indicates the correlation coefficient between peak VO 2 , AT, or VE/ VCO 2 and each metabolite. The lower value in parentheses indicates the P-value of each correlation. (C) Association between plasma acetyl-lysine levels and NYHA functional class in the controls, the NYHA I or II HF patients, and the NYHA III HF patients. (D-F) Correlation between plasma acetyl-lysine level and peak VO 2 (D), AT (E), and VE/VCO 2 (F) among the HF patients. Data are the mean ± SD. *P < 0.05 vs. controls. ADMA, asymmetric dimethylarginine; AT, anaerobic threshold; HF, heart failure; NYHA, New York Heart Association class; peak VO 2 , peak oxygen uptake; SDMA, symmetric dimethylarginine VE/VCO 2 , minute ventilation vs. carbon dioxide production. Table 2 shows the characteristics of the HF mice at 4 weeks after MI. The heart weight and lung weight/BW were significantly increased in the HF mice compared with the shamoperated mice. A representative echocardiographic image is shown in Figure 5A , indicating that the HF mice had greater LV diameters and lower LV systolic function than the shamoperated mice ( Table 2 ). The Masson's trichrome staining of ventricular tissues further confirmed the infarct formation ( Figure 5B ). The mortality rates up to 4 weeks after the operation was significantly lower in the HF mice compared with the sham group (44% vs. 0%).
Post-infarct HF mice mimic exercise intolerance in humans
In the CPX measurements, the peak VO 2 as well as the work, run distance, and run time were significantly reduced in the HF mice compared with the sham-operated mice at maximal effort with equivalent respiratory exchange ratios ( Figure 5C -E; Table 2 ). In contrast, the spontaneous physical activity was not significantly different between the HF and sham groups ( Figure 5F ). The muscle weights including those of the quadriceps, gastrocnemius, and soleus were also comparable between the two groups ( Table 2) . Collectively, these results indicate that our model of post-MI HF sufficiently mimics the exercise intolerance seen in patients with HF, possibly due to the functional alterations in skeletal muscle.
The effect of SIRT3 knockdown on the acetylation and β-HAD activity in vitro
To further investigate whether the decrease in SIRT3 was closely associated with increased acetylation of skeletal muscle, thereby decreasing the activity of fatty acid β-oxidation enzymes, we conducted SIRT3-knockdown experiments in C2C12 mouse myotubes. The transfection of SIRT3 small interfering RNA in C2C12 cells reduced the SIRT3 protein expression by 70% compared with the non-targeting pool ( Figure 6A ), in conjunction with a significant increase in the overall protein acetylation in the mitochondrial fraction ( Figure 6B ), but not in the whole muscle lysates ( Figure 6A ). More importantly, the β-HAD activity was significantly reduced following SIRT3 knockdown ( Figure 6C) , supporting the concept that SIRT3 is a key molecule modulating the acetylation of muscle fatty acid β-oxidation enzymes in HF.
Discussion
The present study provides numerous novel observations. First, the mass spectroscopy-based metabolic profiling revealed that the plasma acetyl-lysine level was elevated in HF patients and was negatively correlated with their exercise capacities. Second, acetylation modification was enhanced in skeletal muscle mitochondria from our murine model of HF with lowered exercise capacity, which was attributed to a decreased level of a mitochondrial deacetylase, SIRT3. Third, label-free acetylproteomics identified key metabolic pathways for acetylation, including fatty acid oxidation, the TCA cycle, BCAA metabolism, and electron transport. Specifically, the acetylation of fatty acid β-oxidation enzymes was related to reduced activity and a further reduction in fatty acid-derived mitochondrial oxidative capacity in the skeletal muscle. We also observed that the knockdown of SIRT3 in cultured skeletal muscle cells resulted in enhanced mitochondrial acetylation, which in turn resulted in a reduction in the enzymatic activity of fatty acid oxidation. These findings suggest that enhanced acetylation is linked to the pathogenesis of exercise intolerance in HF, at least in part through impaired fatty acid metabolism in the skeletal muscle.
Prior studies have consistently demonstrated that cardiac function does not necessarily correlate with exercise capacity in HF 42 and that exercise training does reduce mortality in HF patients without any changes in cardiac function. 43 These findings have raised considerable interest in skeletal muscle dysfunction as a major contributor to the pathophysiological features and symptomatology of HF.
The peak VO 2 measured on CPX is a powerful prognostic indicator for HF patients, but a large clinical trial indicated that many HF patients are often unable to achieve maximal efforts due to their multiple comorbidities. 43 As a result, the prognostic value of peak VO 2 is suboptimal. 44, 45 As an incremental risk stratification tool for HF, various biomarkers have been suggested. 46 Notably, recent metabolomic analyses of plasma samples have indicated that the specific patterns of metabolites in HF patients offer substantial value for the prediction of prognosis. [47] [48] [49] This corroborates the concept that metabolic impairment is pronounced not only in the heart but also in the peripheral organs. 50 Until now, however, few studies have focused on metabolites associated with exercise capacity in HF. This study is the first to show that N6 acetyl-lysine is the most relevant metabolite that correlates with peak VO 2 , and that the increased levels of other metabolites such as asymmetric dimethylarginine, choline derivatives, and urea were also consistent with previous findings. 47,51 N6 acetyl-lysine is an amino acid derivative that may be released from protein lysine acetylation, which may reflect a systemic increase in this post-translational modification in the setting of HF. Although acetylation was originally reported to regulate gene transcription by neutralizing the positive charge of histone proteins, 52 acetylation was more recently recognized as a novel regulator of mitochondrial metabolic pathways. 41 Horton et al. reported that they observed a profound increase in the acetylation of mitochondrial proteins in human cardiac samples as well as murine hearts with pressure overload. 22 Aside from the failing heart, we found that the muscle mitochondria were also a focus of the acetylation modification in HF. Because approx. 95% of acetyl CoA, a primary substrate for protein acetylation, is localized to the mitochondria, 53 it is likely that the mitochondrion is a major targeted compartment for acetylation. It has been reported that increased acetylation of mitochondrial proteins is evident in failing or diabetic hearts. 14, 22 In addition, studies of diet-induced diabetic animals have demonstrated that mitochondrial proteins in liver and skeletal muscle were also acetylated. 12, 24 Given that HF is characterized by systemic insulin resistance that involves multiple organs, 50 we speculate that in HF, the acetylation of metabolic enzymes may occur in the mitochondria of organs other than skeletal muscle.
On the other hand, although it remains unclarified how much the acetyl lysine levels in human blood samples reflect acetylation alterations in the muscle mitochondrial compartment as was observed in the HF mice, we observed that the acetylated protein levels in the murine blood samples were higher in the HF mice than the sham-operated mice, in parallel with the increased acetylation of muscle mitochondrial proteins in the HF mice. This result suggests that the levels of blood acetylated proteins may reflect, at least to some extent, those in the muscle mitochondria. Intriguingly, our further functional profiling of acetylation revealed key fuel metabolism and energetic pathways, including fatty acid β-oxidation, the TCA cycle, BCAA metabolism, and the electron transport chain, which are in complete agreement with the patterns reported in the failing heart. 22 Alterations in mitochondrial lysine acetylation are known to be regulated by the balance between SIRT3 deacetylase activity due to NAD + availability and/or a nonenzymatic reaction of mitochondrial acetyl CoA to lysine. 54 In the present study, the reduction in SIRT3 expression rather than a reduction in the NAD + amount or the NAD + /NADH ratio appeared to account for the enhanced mitochondrial acetylation in the skeletal muscle from HF. However, an accurate determination of subcellular NAD + and acetyl CoA concentrations is technically difficult at this time. A more sophisticated assay could elucidate the role of the compartmentalization of those cofactors in pathological settings.
Previous studies have shown that a decrease in SIRT3 expression is responsible for the increased lysine acetylation and promotes a shift in substrate metabolism from fatty acids toward glucose in diabetic hearts 14, 55 as well as in hypertrophied hearts. 16, 21, 56 This substrate alteration is thought to induce insulin resistance and therefore cardiac energetic inefficiency, leading to the development of HF. 57, 58 Similar to the findings in diabetic or failing hearts, SIRT3 was also shown to regulate skeletal muscle function via alterations in mitochondrial oxidation and oxidative stress. 25 Collectively, these findings lead us to speculate that the common mechanism of SIRT3-mediated hyperacetylation between heart and skeletal muscle may predispose to energetic derangements due to alterations in substrate metabolism and hence the deterioration of exercise intolerance in HF.
In the present study, the acetylation of key fatty acid βoxidation enzymes was associated with a reduction in their activities and fatty acid-derived mitochondrial oxidation. In line with this finding, early studies using muscle biopsy samples showed that a variety of mitochondrial oxidative enzymes, including β-HAD, are decreased in patients with HF. 4, 10 Our previous investigation using magnetic resonance spectroscopy revealed that intramyocellular lipid deposition was increased in HF patients, and its content was closely associated with muscle energy production and whole-body exercise capacity. 9 Similar muscular fat infiltration has also been observed in muscle dysfunction linked to muscle disuse and aging, as well as in patients with iron deficiency and patients with preserved ejection fraction (HFpEF). [59] [60] [61] [62] Alternatively, it has been documented that higher exercise capacity is associated with increased fatty acid oxidation in skeletal muscle during exercise. 63, 64 Combined, these observations have suggested that intrinsic deficits in fatty acid oxidative metabolism in skeletal muscle may provoke energetic deprivation in response to increased energy demand during exercise, which may be partially responsible for the reduced exercise capacity in patients with HF. However, we cannot exclude the possibility that low cardiac output is a definitive factor for the exercise capacity in HF. In addition, the causal relationship between the decreased fatty acid β-oxidation activity and lowered exercise capacity observed in the in vivo experiments was not fully clarified in the present study.
The molecular process controlling fatty acid oxidation in the skeletal muscle has yet to be fully elucidated. Indeed, metabolic genes and related proteins were reported to remain unaltered, whereas the accumulation of intermediate metabolites was dramatically increased, in the process leading to decompensated HF. 65 That finding strongly suggests that the post-translational regulation of metabolic remodelling is an early and sensitive molecular signature of impaired energy metabolism in HF. A growing body of evidence has indicated that the acetylation of mitochondrial fatty acid oxidation enzymes can modulate their activities in a tissue-dependent manner. For instance, Hirschey et al. demonstrated that the hyperacetylation of a key fatty acid β-oxidation enzyme, LCAD, results in reduced enzymatic activity and hepatic lipid accumulation, 12 whereas Lopaschuk and his colleagues concluded that high rates of myocardial fatty acid oxidation are attributable to hyperacetylation and the subsequent activation of fatty acid β-oxidation enzymes. 14, 17, 37 As for the effects of acetylation modification on skeletal muscle proteins, it has been consistently reported that the acetylation of a fatty acid-related pathway negatively regulates lipid metabolism. 63, 66 As evidence supporting this, our present findings demonstrated that enhanced acetylation due to SIRT3 knockdown resulted in a reduction of β-HAD activity in skeletal muscle cells. Therefore, at least in skeletal muscle, increased acetylation via a decrement of SIRT3 has inhibitory impacts on fatty acid β-oxidation enzymes, which in turn results in the impairment of mitochondrial oxidative capacity when fatty acids are used as a substrate. As a result, impaired fatty acid oxidation in the skeletal muscle in combination with the aforementioned insulin resistance may further exaggerate the mitochondrial energy perturbations and exercise intolerance seen in HF. Moreover, based on another study's finding that skeletal muscle from patients with mitochondrial disease exhibited enhanced ergoreflex sensitivity, we speculate that sympathetic activation and exercise intolerance due to ergoreflex hypersensitivity may also be involved in this phenomenon. 67
Limitations
Given the observational nature of this study, there are several limitations that should be noted. First, although our data presented in vivo are generally solid, cause-and-effect relationships between acetylation and impaired fatty acid oxidation or lowered exercise capacity remain to be determined. Specifically, the lack of any evidence regarding whether hyperacetylation via SIRT3 knockdown could ultimately affect mitochondrial respiration is a major limitation of our study. In addition, off-target effects of knockdown experiments will limit the experiments' translation into in vivo findings. We also failed to determine the correlation between acetylation and mitochondrial respiration in the skeletal muscle, due to a technical limitation. To gain direct evidence of the role of acetylation in the regulation of muscular fatty acid oxidation, further studies using skeletal muscle-specific SIRT3-deficient mice are necessary. Second, the number of patients in the HF group was twice the number of control subjects, due to the limited number of healthy control subjects. Our results regarding the metabolites identified herein should be verified in a future large-scale study. Third, the upstream mechanism by which the SIRT3 amount is reduced is yet to be elucidated, but it may be linked to altered expression in response to nutrient conditions. Finally, the functional effects of mitochondrial acetylation via SIRT3 other than energy metabolism remain to be determined. In particular, as our post-MI HF model was far from the cachectic state without any significant reduction in muscle weights, the roles of other factors such as Forkhead Box O family members and inflammatory signalling in the muscle dysfunction of HF have remained unexplored. 68, 69 
Conclusions
We observed that increased acetylation in skeletal muscle mitochondria was associated with reduced fatty acid oxidation and impaired exercise tolerance in HF. Novel approaches targeting the acetylation of skeletal muscle mitochondria would provide important clues for the development of an effective intervention for exercise intolerance in patients with HF. Figure S1 . Schematic representation of the time schedule of the experimental protocol. SPA, spontaneous physical activity. Figure S2 . Correlations between the plasma acetyllysine level and LVEF (A), log BNP (B), and thigh circumference (C) in the 10 patients with HF.LVEF, left ventricular ejection fraction; BNP, brain natriuretic peptide.
